Abstract Tomato is an important vegetable crop and its production is adversely affected by leaf curl disease caused by begomovirus. Leaf curl disease is a serious concern for tomato crops caused by begomovirus in Jeddah, Kingdom of Saudi Arabia. Tomato leaf curl disease has been shown to be mainly caused either by tomato leaf curl Sudan virus or tomato yellow leaf curl virus as well as tomato leaf curl Oman virus. Many tomato plants infected with monopartite begomoviruses were also found to harbor a symptom enhancing betasatellites. Here we report the association of tomato leaf curl Sudan virus causing leaf curl disease of tomato in Jeddah, Kingdom of Saudi Arabia. The complete genome sequence analysis showed highest (99.9 %) identity with tomato leaf curl Sudan virus causing leaf curl disease in Arabian Peninsula. In phylogenetic relationships analysis, the identified virus formed closest cluster with tomato leaf curl Sudan virus. In recombination analysis study, the major parent was identified as tomato leaf curl Sudan virus. Findings of this study strongly supports the associated virus is a variant of tomato leaf curl Sudan virus causing disease in Sudan, Yemen and Arabian Peninsula. The betasatellites sequence analysis showed highest identity (99.8 %) with tomato leaf curl betasatellites-Amaranthus-Jeddah. The phylogenetic analysis result based on betasatellites formed closed cluster with tomato yellow leaf curl Oman betasatellites. The importance of these findings and occurrence of begomovirus in new geographic regions causing leaf curl disease of tomato in Jeddah, Kingdom of Saudi Arabia are discussed.
Introduction
Tomato is an important vegetable crop grown all over the world. Fresh, manufactured, dry, canned or as juice, tomato is a very important source of vitamins (A and C) and minerals. The most important properties of vitamin A is to regulate immune system and maintain good bone growth by cell division and cell differentiations and to maintain surface linings of eye, urinary and intestinal tracts and eyes. Vitamin C is important in forming collagen which is main and important protein for bones muscles and blood vessels. Currently tomato is being consumed at higher rate in developed countries as luxury crop [30] . Saudi Arabia produced about 529.8 tons of tomatoes in 2013 for local consumption and considered as the biggest vegetable crop grown in green houses in the Kingdom of Saudi Arabia [13] . Tomato crops are affected by many diseases caused by various pathogens and among them begomoviruses belongs to family Geminiviridae are serious problems for tomato yield. Globally, tomato leaf curl and tomato yellow leaf curl are the most serious diseases caused by both mono and bipartite begomovirus in tropics and semi-tropics [11] . The family Geminiviridae has now been reported to have seven genera known as Mastrevirus, Curtovirus, Begomovirus, Topocuvirus, Eragrovirus, Turncurtovirus, Becurtovirus [7, 9, 24, 29] . Members of the genus Begomovirus have circular single-stranded DNA (ssDNA) with either a mono-or bipartite genome. The bipartite Begomovirus genome has two ssDNA molecules (*2.7 kb), known as DNA-A and DNA-B while mono-partite Begomovirus has only DNA-A with satellite molecule known as betasatellites and alphasatellites [6] . Betasatellites are small (*1.4 kb), highly diverse with circular ssDNA. The betasatellites replication, movement and transmission between plants are mediated by their helper virus. Betasatellites had an ORF beta C1, an adenine-rich region, and a satellite conserved region with 45-93 % sequence identity [26] . Alphasatellites, formerly known as DNA 1, are also approximately half the size of begomoviral genomes (*1375 nt) and show a conserved genome organization consisting of a single open reading frame (ORF) coding for a replication initiator protein (Rep) [31] . The dicotyledonous plants are infected by begomovirus transmitted by whitefly vector (Bemisia tabaci) in a persistent manner. Globally, the whiteflies have become serious pathogens for many dicotyledonous crops in tropical, subtropical and warmer temperate regions and mostly Solanaceous crops are being affected by begomovirus in East and Southeast Asia [14, 18] . The whitefly posing serious threat to global food security and there is an urgent need to develop effective strategies to control crop loss and manage begomoviral disease. Collectively, these begomoviruses causes significant loss to tomato crops in the Nile Basin, arid and semi-arid regions and southern part of the Arabian Peninsula [1, 19, 20] . Currently, the natural occurrence of mono-partite begomoviruses and their associated alpha and betasatellites (1.4 kb) are reported to be endemic into Eastern Hemisphere [4] and approximately 0.7 kb ssDNA satellite molecules as well as some smaller than unit size of helper genome or satellite sequences are also frequently detected together with begomoviruses PCR amplification in plant DNA extracts and these smallest satellites are shown to act as defective interfering (DI) agent [17] but the biological functions of DI sequences are not well known [15] . Recently, the association of few begomoviruses like tomato leaf curl Sudan virus (ToLCSDV), tomato yellow leaf curl virus (TYLCV), tomato leaf curl Oman virus (TLCOV), chili leaf curl virus (ChiLCV), okra leaf curl Oman virus (OLCOMV) infecting tomato, tobacco and okra has been reported from Nile Basin and in Southern region of Arabian Peninsula, Oman and Yemen [1-4, 15-17, 19-22] . One distinct strain of ToLCSDV without betasatellites was reported from Oman and designated as ToLCSDV-OM [20] .
In this study, we report the association of begomovirus with tomato leaf curl disease observed in open tomato field in Jeddah, Kingdom of Saudi Arabia. Naturally infected tomato leaf samples were collected from various locations exhibiting typical leaf curling symptoms in Jeddah, Kingdom of Saudi Arabia. The causative agent was detected by begomovirus specific PCR, efficiently transmitted by whitefly and characterized at molecular level by cloning and sequencing of full genome and analyzing the sequence identity, phylogenetic relationship and recombination pattern with selected begomovirus isolates from different locations. The sequence identity and phylogenetic analysis results strongly support the causative agent is a variant of tomato leaf curl Sudan virus (ToLCSDV), a virus that has been reported earlier to cause tomato leaf curl disease in Sudan, Oman and Yemen [2, 16, 20, 21] .
Materials and methods
Field survey, sample collection and whitefly transmission
Field survey was conducted in end of April-2014 and during field survey, leaf curl disease was observed in tomato crop in open experimental plots of King Abdulaziz University, Jeddah, Saudi Arabia. Symptomatic and nonsymptomatic top emerging leaves were collected from field infected tomato crops and immediately kept in ice with self-sealing plastic bags and brought to lab for further processing. Fresh culture of non-viruliferous whitefly was raised from their un-hatched eggs and maintained on healthy eggplant under insect proof condition. The adult whiteflies were allowed to feed on infected tomato leaves for 24 h for virus acquisition and then transferred onto healthy tomato seedlings (twenty whiteflies/seedling) to transmit the causal organism by giving 24 h inoculation access period under insect proof cages. Total 18 healthy seedlings were inoculated in three replicates and kept under insect proof condition for symptoms development for 25 days.
PCR amplification, cloning and complete genome sequencing
The infected tomato leaf samples (100 mg) were used to isolate total genomic DNA by using CTAB method with slight modifications and isolated DNA was re-suspended in sterile distilled water and stored at -20°C until further use [25] . The PCR was performed by using purified DNA to detect the presence of virus by using begomovirus specific primers; TYC1F(GG GCCTAGAGACCTGCCCAC) and TYC1R(CCGGTAAT ATTATACGGATGGC) which amplify an 856-bp fragment of the 5' end of the C1 gene of TYLCV-IL by following standardized PCR conditions [12] . The presence of betasatellites was also confirmed by betasatellites specific primers and an amplicon of full-length betasatellites (*1.4 kb) were obtained from infected samples and cloned into pGEMT vector [5] . We used only positive samples for further experimental work and analysis.
The full length genomic components of begomovirus were amplified from purified DNA isolated from the symptomatic tomato plants by using rolling circle amplification technology (RCA) TempliPhi 100 Amplification Kit (GE Healthcare, Life Sciences, Piscataway, NJ, USA) following the manufacturer's instructions. The restriction enzyme EcoRI was selected and used for restriction of RCA products and further cloned into pGEM7Zf? (Promega, Madison, WI). The confirmed clones were bi-directionally sequenced in our lab by using primer walking methods and analyzed by using NCBI BLAST.
Sequence, phylogenetic and recombination analysis
The full length sequences were assembled and initially BLAST for sequence homology and percentage similarity was determined by using the software programme, BioEdit (version 5.0.9) [10] and genes were predicted using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Based on the BLAST results, the full-length sequences of selected ToLCSDV/TYLCV and tomato leaf curl virus isolates were retrieved from GenBank (Table 1 ) and multiple sequence alignment was performed by using CLUS-TALW program (http://www.ebi.ac.uk/clustalw) with nucleotides (nt) sequences of selected begomoviruses from the GenBank. The aligned nucleotide (nt) sequences of identified ToLCSDV along with selected begomovirus isolates were used to construct phylogenetic tree using maximum likelihood in MEGA6 program [27] . The recombination detection programme (RDP4) tool was used (darwin.uvigo.es/rdp/rdp.html) for detection of probable recombinant sequences, identification of likely parental sequences and localization of possible recombination breakpoints. The analysis was performed with default settings using a 0.05 P value cutoff and standard Bonferroni corrections for multiple testing [23] .
Results
Field survey, sample collection and whitefly transmission During field survey approximately 80 % plants were observed to be infected with leaf curl disease (Fig. 1a) . Total six samples were collected from symptomatic and non-symptomatic tomato plants and processed for virus detection. Interestingly, the virus transmitting natural vector; whitefly (B. tabaci) was also observed in and around the field and under the leaves of infected tomato plants. The causative agent was successfully transmitted to 11/18 healthy tomato seedling by whiteflies inoculation which further developed similar leaf curl symptoms after 18-23 days post inoculation (dpi) as observed in the field.
Virus detection, cloning and complete genome sequencing
The causative agent was identified and confirmed by PCR using begomovirus specific primers in both symptomatic as well as non-symptomatic samples as *856 bp amplicon was visualized on 1 % Agarose gel (Fig. 1b) . A fragment of *2.8 kb from infected samples was obtained after restriction of RCA products by using EcoRI restriction enzyme. The restricted RCA products and betasatellites were cloned into separate vectors and confirmed clones were sequenced bi-directionally at our special infectious agents unit (SIAU). The aligned complete genome was found to have 2791 nucleotides (nt) and full betasatellites had 1375 nt. The full length genome and betasatellites sequence have been submitted to GenBank under accession numbers KT033711 (full genome) and KT312999 (betasatellites).
Sequence and phylogenetic analysis
The comparisons of full genome nucleotide (nt) sequence with selected begomovirus sequences collected from different locations revealed that ToLCSDV-tomato-Jeddah isolate (KT033711) shared identity ranged from 78.4 to 99.8 % with other selected ToLCSDV isolates ( Table 1) . The highest identity (99.9 %) was found with ToLCSDVAmaranth-Jeddah (KT033710) followed by (99.8 %) with ToLCSDV-KSA46 (HG530539) and lowest (79.1 %) identities with TYLCV-Iran isolate (KC106648). Based on the ICTV guidelines for species demarcation, at \91 % nt identity [7] , the ToLCSDV-tomato-Jeddah isolate was considered as a variant of ToLCSDV-KSA46 isolate. The ToLCSDV-tomato-Jeddah isolate (KT033711) showed a range of diversity among the four main types of isolates that also group as the ToLCSDV including the Oman isolate (ToLCSDV-Mir-JN591385), at 91.2-92.1 %, the ToLCSDV-Yemen isolate (ToLCSDV-Ye-JF919733) from tobacco and tomato ranged from 89.7 to 91.5 % identity, ToLCSDV-Gezira-isolate-AY044137, at 82.9-88.5 % nt identity and ToLCSDV-Shambat-isolate AY044139 at 91.9-92.4 % identity. The highest amino acid sequence identity was observed with ToLCSDV-KSA46-isolate-HG530539 isolate in all the six proteins (V2-99.6 %, V1-99.8 %, C3-99.7 %, C2-99.8 %, C1-99.9 %, and C4- (Table 1) .
Since association of a betasatellites molecule with ToLCSDV has been reported earlier [17] . Separate PCR was performed to amplify the betasatellites using betasatellites specific primers [5] . An amplicon of 1.4 kb was amplified from infected samples indicating the presence of betasatellites. Comparative sequence analysis of the betasatellites of ToLCSDB-tomato-Jeddah (KT312999) with previously reported begomovirus isolates showed the highest identity (99.8 %) with tomato leaf curl betasatellites-Amaranthus-Hadasham-Jeddah-(KT199104) followed by tomato leaf curl betasatellites-Yemen (99.3 %) (JF919719) and the lowest (46.0 %) identity were found with okra leaf curl betasatellites-Jordan isolate (KJ396939) ( Table 2 ).
The phylogenetic analysis results based on complete genome sequences with selected begomovirus isolates indicates that ToLCSDV-tomato-Jeddah isolate is a variant of ToLCSDV (Fig. 2) . The ToLCSDV-tomato-Jeddah isolate formed closest cluster with an isolates of ToLCSDV-KSA46 (HG530539) and ToLCSDV-Amaranth-Jeddah (KT033710). All ToLCSDV isolates grouped on the basis of their geographical origin, e.g. either the Nile Basin or Asia and the other group was further divided by having an origin in Oman or Yemen. The phylogenetic analysis result based on betasatellites nt sequences with selected begomovirus isolates formed closed cluster with Tomato yellow leaf curl Oman betasatellites (NC_010126 and DQ644566). They are divided into two main clusters while other isolates from Yemen formed separate cluster with Oman isolates (Fig. 3) . The findings suggest that ToLCYEB tomato leaf curl Yemen betasatellites, TYLCb-Om tomato yellow leaf curl Oman betasatellites, TYLCTHVb tomato yellow leaf curl Thailand betasatellites, ToLCJaB tomato leaf curl Java betasatellites
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ToLCSDV isolate is endemic to the Southern region of Arabian Peninsula [16] .
Recombination analysis
Recombination analysis was carried out with full genome sequences of selected begomovirus isolates using the RDP4 program [27] . Three of these algorithms, RDP (P 1.657 9 10 -14 ), GENCONV (P 1.274 9 10 -15 ), MaxChi (P 7.395 9 10 -14 ), Chimaera (P 8.767 9 10 -13 ), Si Scan (P 3.509 9 10 -35 ) and 3 Seq (P 1.328 9 10 -12 ) showed the interspecific recombination and identified as a ToLCSDV variant. Two recombinant fragments (coordinates 2052-2752 in the C1 gene and 1954 to 2688 toward the 3 0 end of the Replicase gene) were detected for ToLCSDV-Jeddah-tomato isolate, and these fragments shared high levels of sequence identity with ToLCSDV (GU180085; 93.1 % similarity). ToLCSDV-WM-Sudan-GU180085 was indicated as the major parent, and ToLCSDV-WM: 11-Sudan (KC763630) minor parent and TYLCV-Al Batinah-Oman (DQ644565) was found as recombinant isolate but the actual recombinant may be the ToLCSDV-WM-Sudan-GU180085. The recombination analysis results suggest that the ToLCSDV-tomato-Jeddah isolate evolved either from ToLCSDV or TYLCV isolate by recombination (Table 3) .
Discussion
Tomato is an important agricultural crop grown globally and Saudi Arabia produces about 529.8 tons of tomatoes per year for local consumption and tomato is considered as the biggest vegetable crop grown under green houses in the Kingdom of Saudi Arabia [13] . Globally, the begomovirus emergence over the last 20-30 years has become the most important groups of plant viruses affecting vegetable crop production due to increase of whitefly vector population in the tropics and subtropics and tomato leaf curl or tomato yellow leaf curl has become the most devastating viral disease worldwide [11] . The expansion and intensification of tomato cropping favored the increased populations of whiteflies (B. tabaci) with wider expansion of leaf curl disease incidence in tomato crops. For the past two Fig. 2 Phylogenetic relationships of begomovirus based on full DNA-A genome with selected isolates decades, tomato production in Arabian Peninsula and Nile Basin has been affected by severe leaf curl disease caused by begomovirus [1, 8, 16] . The presence of begomovirus and association of ToLCSDV causing leaf curl disease of tomato in Gezira, Sudan has been cloned and sequenced in 1996 [14] . Currently, many begomoviruses have been reported to be associated with leaf curl disease of tomato in Arabian Peninsula and Nile Basin such as ToLCSDV, TYLCV, ToLCV-OM and OLCOMV, associated with betasatellites [1, 2, 4, [15] [16] [17] [19] [20] [21] [22] .
In this study, the characterization of begomovirus association with leaf curl disease of tomato based on virus detection, whitefly transmission, sequence analysis, phylogenetic relationships, recombination analysis and genetic diversity were performed and causative agent was identified as a variant of ToLCSDV circulating and causing leaf curl disease of tomato in the Kingdom of Saudi Arabia.
The ToLCSDV-tomato-Jeddah-isolate analyzed here that have been spread throughout the western region and Arabian Peninsula either through plant material moved by human activities and/or by the endemic whitefly vectors transmission. The analysis included field isolates collected from Jeddah, Saudi Arabia together with selected fulllength begomovirus genome sequences available in the GenBank database that includes ToLCSDV, TYLCV and ToLCV respectively from various regions.
The causative agent was identified by PCR and efficiently transmitted to healthy tomato seedlings and the full genome nucleotide (nt) and betasatellites nt identity ranged from 78.9 to 99.9 % with tomato leaf curl Sudan Virus isolates reported earlier from Saudi Arabia, Oman and Yemen. The phylogenetic analysis results based on full genome formed closed cluster with ToLCSDV isolates while betasatellites formed close cluster with TYLCV. The recombination pattern analysis results by using RDP also support the findings as ToLCSDV-tomato-Jeddah isolate genome showed evidence of recombination within ToLCSDV-WM-Sudan-GU180085 as major parent, and ToLCSDV-WM:11-Sudan (KC763630) as minor parent and TYLCV-AlBatinah-Oman (DQ644565) was found as recombinant isolate. On the basis of recombination pattern analysis using published sequences of tomato-infecting begomoviruses, the mean genomic substitution rate was found to be 2.88 9 10 -4 nucleotide substitutions per site per year (subs/site/year) which could be the result of frequent recombination within the viral genomes [28] . However, as indicated, there is evidence for considerable recombination between the members of the distinct far East Asian clade of begomoviruses in Japan, such that tomato-infecting isolates have been detected within each of the sub-clades [28] . It is more than likely that ToLCSDV isolate circulating in Kingdom of Saudi Arabia has originated either from Yemen or Oman, as the studied virus being the closest relative to the Saudi Arabian, Oman and Yemen isolates. In Oman tomato leaf curl disease was first identified in 1993 but the etiology of disease was confirmed recently and the natural occurrence of ToLCSDV has been reported in Oman [20, 22] . In Yemen, tomato leaf curl virus is associated with a betasatellites that has only been identified and known as Tomato yellow leaf curl Yemen betasatellites [16] . On the other side vast harsh desert condition separates the Yemen from Oman and Saudi Arabia and this is important and strong barriers for whiteflies and virus movement. It is known that TYLCV and ToLCSDV isolates has been spread and circulating in the Kingdom [17] .
It is obvious that the expansion and intensification of cropping systems favors the emergence and increase level of whitefly population and emergence of begomovirus variants and acquisition of satellite DNA molecules with more aggressive or crop-adapted characteristics due to mutation, recombination, pseudo-recombination, movement of infected plant materials, introduction of tolerant and susceptible tomato cultivars and climatic condition in the localized regions also promoted the favorable condition for the whiteflies vector and allowed the spread of the viruses [17, 18] . Based on results obtained from sequence identity, phylogenetic and recombination analysis using full genome, this study concluded that the identified virus is a variant of ToLCSDV reported from Sudan, Yemen and Arabian Peninsula causing severe leaf curl disease of tomato in Jeddah, Kingdom of Saudi Arabia.
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